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Theoretical study of disorder in Ti-substituted La2Zr 2O7
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Pyrochlores have the striking feature that their radiation resistance is highly dependent on their composition.
In this work, the propensity of a pyrochlore to transform to a cation-disordered structure and the influence of
titanium ions is ascertained from the mechanisms of defect formation. A detailed study of defect formation and
migration activation energies in Ti-substituted La2Zr2O7 is carried out by modern theoretical computational
methods that include the use of a classical interatomic potential with a modified shell model to capture the
effects of local charge transfer. The results show that La2Zr2O7 has a tendency towards cation disorder,
whereas, substitution of Zr with Ti makes this tendency energetically less favorable.
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I. INTRODUCTION

Pyrochlore oxide materials have unique properties, s
as the ease with which actinide ions are incorporated,1 that
make them ideal candidates for use in the immobilization
nuclear waste. In addition, pyrochlores and their mine
analogs are quite durable, with leaching rates as low
1025 g m22/day at pH57.2–4 One striking property tha
distinguishes pyrochlores from one another is that their
diation resistence is highly dependent on composition.
example, titanate pyrochlore compounds that have been
posed for radionuclide immobilization5,6 readily undergo
amorphization under irradiation.7–9 In contrast, recent ex
perimental results10–13 have shown that zirconate pyro
chlores are highly radiation resistant, remaining crystalline
high doses for time periods equivalent to a million years
more. Amorphization can lead to an increase in volume
compromise the chemical durablility, whereas the crystall
fluorite structure can be more radiation resistant than the
tial pyrochlore. The propensity of ions to create Frenkel
fects and cation disorders is believed to form the basis w
which to ascertain the stability of pyrochlores10,13 and,
thereby, dictate the state to which they might transform. A
of experiments can be carried out, where systematic su
tutions of the cations in the lattice are made, to better un
stand the composition dependence of structural transfor
tions. An extensive study10,14 on Gd2Zr2(12y)Ti2yO7 with 0
<y<1 demonstrated that radiation resistance decreases
increasing Ti and that Ti-rich compositions (y>0.5) readily
undergo radiation-induced amorphization at low doses e
at relatively high temperatures. This supports the observa
that under irradiation several zirconate pyrochlores unde
transition to a cation-disordered fluorite structure,10 which is
argued to be the final radiation-damage state for Zr-rich
rochlores, regardless of the starting structure.10,13

A similar systematic approach can also be used for
atomic-level theoretical study. Ideally, it would be useful
study the same systems, i.e., Gd2Zr2O7, as those studied ex
perimentally, however, it is necessary to start with syste
that are accessible using currently available theoretical to
0163-1829/2002/65~13!/134116~11!/$20.00 65 1341
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A readily approachable system by bothab initio and classical
potential methods is that of La2Zr2O7. At first it would ap-
pear that a systematic study of defect formation
La2Zr2(12y)Ti2yO7 with a systematic increase of Ti is no
feasible because pure lanthanide titanate exists as a lay
perovskite, not a pyrochlore. This is resolved by the fact t
the pyrochlore structure of lanthanide zirconate exists fo
range of stoichiometric composition15 up to over 1500°C.16

Therefore, for low concentrations of Ti-substituted La2Zr2O7
the pyrochlore structure is expected to be preserved an
the tendency towards cation disorder can be explored. In
work, modern theoretical computational methods are use
investigate the changes that occur in the formation and
gration of defects as Ti is substituted for Zr in La2Zr2O7.

Pyrochlore oxides have the general formulaA2B2O7,
whereA andB are metallic cations that can be either trivale
and tetravalent or divalent and pentavalent, respectiv
Only the former pair is considered here. In ordered py
chlores, there is a site in the oxygen sublattice that is s
tematically vacant; whereas, the fluorite structure has pa
occupancy of that particular oxygen site along with disord
of the cations. Cation disorder occurs by the exchange oA
andB metal ion sites to form cation antisites. The cation a
anion lattice-migration activation energies towards adjac
vacancies in the pyrochlore structure together with the ca
antisite and Frenkel-pair formation energies can prov
valuable information on the final radiation-damage state
zirconate pyrochlore.13,17 Changes in cation disorder an
oxygen-migration properties, as Ti is substituted for Zr
La2Zr2O7 , can be related to the propensity of structu
phase changes and is expected to provide an insight on
reasons why the titanate-rich pyrochlores do not underg
transition towards the disordered fluorite structure.

La2Zr2O7 can be synthesized in many ways~see, for ex-
ample, Ref. 16 and references therein!, including hydrother-
mal synthesis18 and sol-gel routes.19 For slight understoichio-
metric changes in La2O3 or ZrO2, the cell volume decrease
or increases, respectively.20 For high stoichiometric devia-
tions, there is a phase separation into disordered fluorite
pyrochlore structures.15 The La2Zr2O7 pyrochlore structure
©2002 The American Physical Society16-1
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has the space groupFd3̄m that derives from the MO2
fluorite-like arrangement of atoms.21,22The cubic pyrochlore
has been widely presented in many publications~see, for
example, Refs 17, 23, and 24! and is only briefly described
here. The cubic-pyrochlore structure can be described by
independent parameters: the internal parameterx, for the
O48f positions, and the cell parametera. The La13 ions oc-
cupy the special site 16d ~1/2,1/2,1/2! (A site! and the Zr14

ions occupy the special site 16c ~0,0,0! (B site!.21 The oxy-
gen atoms are located at sites 48f (x,1/8,1/8! ~denoted O48f)
and 8b ~3/8,3/8,3/8! ~denoted O8b), which are independen
because of their local environment. The site of the miss
oxygen that could complete the anion sublattice to form
fluorite structure is 8a ~1/8,1/8,1/8! ~denoted O8a). Intersti-
tial atoms may be accomodated into the 32e site ~1/4,1/4,1/
4!. The experimental parameters are reported in Table I a
drawing of the structure is shown in Fig. 1.~Note that alter-

TABLE I. Comparison between experimental~Refs. 21,25–29!
and calculated data for pure La2Zr2O7. HF is for ab initio Hartree-
Fock calculations withCRYSTAL98, ~Ref. 30! AIP is for analytic-
Interatomic-Potential calculations done withGULP ~Ref. 31! using
the parameters~see Table IV! for Buckingham potentials fitted on
experimental and HF data. The comparison between experime
and AIP-calculated entropy-versus-temperature curves are show
Fig. 3.

La2Zr2O7 Expt. HF AIP

V(Å 3) 315.4 331.5 315.4
a ~Å! 10.805 10.986 10.805
x 0.4200 0.4198 0.4202
B ~GPa! 191 192
B8~GPa/Å3) 3.62
C11 ~GPa! 335 336
C12 ~GPa! 120 120
C44 ~GPa! 101
S300 K~J/mol K! 239.9 235.5
a ~1026 K 21) 7.0/9.1 6.96

FIG. 1. The La2Zr2O7 pyrochlore structure separated into cati
and anion sublattices. Zirconium occupies the 16c site and lantha-
num the 16d site. The vacancy~at 8a) is tetrahedrally coordinated
by four zirconium (16c) cations and O8b is tetrahedrally coordi-
nated by four lanthanum (16d) cations. The labels~1!, ~2!, and~3!
on the anion sublattice correspond to the oxygen-lattice migra
referred to in Table IX.
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native crystallographic definitions are possible and exist
the literature.! The O anions are differentiated because
differences in the local molecular environment as follow
O8b is surrounded by fourA13 cations,VO8a

~the O vacancy!

is surrounded by fourB14, and O48f is surrounded by two
A13 and two B14 cations where all the cations are in
tetrahedral configuration with respect to the O~or vacancy!
center. Thus, in the ordered pyrochlore, a difference in
electronic structures of the O48f and O8b oxygens should be
expected. In contrast, this should not be the case in the
ordered fluorite structure, since the cations are expected t
randomly distributed between theA andB sites, while oxy-
gens may partially occupy the 8a sites as well as the othe
anion sublattice sites. In the fluorite configuration, a hom
geneous electronic structure should be expected for the
gen anions.

It is of upmost importance that the force field destined
the study of defects in La2Zr2(12y)Ti2yO7 be capable of re-
producing the crystallographic positions and the experim
tally known physical properties up to a satisfactory degr
In fact, a correct reproduction of the elastic properties,
vibration entropy, the infrared and Raman spectra, and of
thermal expansion requires that the ionic interactions be w
described by the interatomic potentials not only at the eq
librium positions but also at intermediate distances.32 Lan-
thanum zirconate pyrochlore has the advantage that its ph
cal properties, such as crystallographic parameters,33,21,25,26

Raman and infrared spectra,33 vibrational entropy,27 thermal-
expansion coefficient,28,29 and phase diagram,15 have been
extensively studied making it an excellent benchmark s
tem. Consequently, the theoretical models can be comp
with a robust experimental database before applying them
study defects.

The computational study is carried out using theab initio
codesCRYSTAL98 ~Ref. 30! and CASTEP.34 The results from
the Hartree-Fock~HF! ab initio calculations are used to de
velop an analytic interatomic potential~AIP!, which includes
a modified shell-model component to capture the effects
charge transfer. The Ti-O potential is established in the s
cific geometric configuration of the La2Zr2O7 structure, us-
ing the same ionic charges and polarizability, so that tra
ferability conditions are met. Thus, both the La2Zr2O7 and
La2Ti2O7 systems in the pyrochlore cubic structures are
timized using the HFab initio method. The HF results fo
La2Ti2O7 in the corresponding cubic symmetry, which do
not exist in nature, are used to establish a reliable and tr
ferable interaction potential for the Ti-O interaction. An a
curate AIP is useful to carry out the more complex calcu
tions of cation disorder and ion migration that rema
computationally prohibitive forab initio calculations. The
classical calculations are carried out using theGULP code.31

This paper is organized as follows. In Sec. II, the deta
of our computational approach are provided. The optimiz
structures obtained fromab initio and interatomic ap-
proaches are described in Sec. III. Detailed results and
cussions of the defect formation energies are given in S
IV and those for the activation energies are given in Sec
Finally, conclusions are given in Sec. VI.

tal
in

n

6-2



r
ro

aj
h
se
g
th
7,
h
es
n

lc
ed

a
co
F

n-
r

rt
pe
el
rn

t t
h

ed

ift
te
ive
he
e

hi

ve

g

r
el

n

th

sly
on,

an
ere
fect
ice
ory
the

ch

e
of
lk

u-

nd
d II.

bout
-

tal
ve
m-
for

on-
e
a-

d
ed
for
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II. COMPUTATIONAL DETAILS

The implementation of theab initio self-consistent field
~SCF! HF linear-combination-of-atomic-orbitals~LCAO!
computational scheme within theCRYSTAL98 code ~Ref. 30
and references therein! is well described in the literature~see,
for example, Refs. 35 and 36!. The basis sets in this work fo
lanthanum, zirconium, titanium, and oxygen are all-elect
Gaussian-type orbitals~see Ref. 37!. The f orbitals are not
included in the lanthanum basis thatCRYSTAL98 uses, how-
ever, to first order they are not expected to make a m
contribution to the structural features of this system. T
externalsp exponents of the valence part of the basis
have been optimized using the experimental pyrochlore
ometry. The controls for the direct space summations of
Coulomb and exchange series are set to values of 7, 7,
and 15 corresponding to high numerical accuracy. T
shrinking factor was set to 4 corresponding to a regular m
of eight k points in the reciprocal space. The calculatio
were carried out using unrestricted Hartree-Fock~UHF!
theory that allows the electrons to be unpaired. The ca
lated energies for the cation-antisite defects were correcta
posteriori for the exchange and correlation term by using
correlation-only functional established by Perdew and
workers ~quoted PD91!.38,39 This is necessary because H
theory does not contain correlation.

In parallel to theab initio CRYSTAL98 code, an AIP evalu-
ated within theGULP code31 was used. Based on experime
tal data and on the HF-calculated elastic properties, a fo
field was established for the description of La2Zr2O7 pyro-
chlore. The interatomic potential is composed of sho
ranged two-body ionic interactions of the Buckingham ty
that complement the Coulomb interactions. As is w
known, Buckingham potentials are composed of a Bo
Mayer repulsive exponential term and anr 26 attractive term.
The Buckingham-type cation-cation interactions are se
zero while maintaining the electrostatic interactions. T
ionic polarizability is taken into account by using a modifi
classical shell model of Dick and Overhauser40 that consists
of a shell that can shift about the central core to mimic sh
in the electron cloud. A harmonic spring constant charac
izes the interaction between the core and the shell of a g
ion. The modification in this work consists of adapting t
Mulliken analysis of the UHF-optimized structures for th
fractional charge of the core.

Cation-antisite-disorder energies were calculated, wit
the AIP, the UHF1PD91, and also by a
density-functional-theory41 ~DFT! approach, using the
CASTEPpackage.34 The latter was applied using a plane-wa
ultrasoft pseudopotential basis34 within the local-density
approximation41 ~LDA ! and Pulay’s charge-density-mixin
scheme with an amplitude of Qmax50.8 and a cutoff of 1.5.
The SCF convergence criterion was fixed to 1025 eV/atom.

The ab initio calculations of the different cation-disorde
configurations were carried out using the primitive unit c
with periodic boundary conditions~PBC!. Within the AIP
model, both PBC and the Mott-Littleton approximatio
~MLA ! were used.42 In the MLA method, the crystal bulk is
divided into two concentric spherical regions centered on
13411
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defect. In the first one, the interactions are treated rigorou
and the ions are allowed to fully relax. In the second regi
only harmonic perturbations are considered. There is also
outer region surrounding the two concentric regions wh
the ions interact with the defect net charge as in a per
dielectric medium. The activation energies for the ion-latt
migration were calculated by using transition-state the
where the saddle-point search was carried out using
rational-function-optimization~RFO! algorithm,43 as imple-
mented in theGULP code.

III. STRUCTURE VALIDATION

A. Ab initio HF calculations

The internal structural parameterx was optimized at con-
stant volume for the two cubic compounds La2Zr2O7 and
La2Ti2O7 using nine different values of the volume for ea
structure. The initial volume considered for La2Ti2O7 is that
of the layered-perovskite,44 which is very close to that of a
hypothetical cubic pyrochlore.13 The energy-versus-volum
results were fit using the Birch-Murnaghan equation
state45,46 shown in Fig. 2. The optimized volumes, the bu
modulusB, and its first derivativeB8 with respect to the
volume were determined. The two elastic constantsC11 and
C12 were calculated by carrying out deformations of the c
bic structure~strain matrix as in Ref. 30 or Ref. 47! indepen-
dent of the analytical relation between the bulk modulus a
these constants. The results are presented in Tables I an
As expected, the calculated volumes overestimate, by a
5%, the experimental ones.35,48 However, the calculated in
ternal parameterx for La2Zr2O7 is in good agreement with
the experimental value. To our knowledge, no experimen
data are available for the bulk modulus, its first derivati
with respect to volume, and the elastic constants, for co
paring to the calculated values. It should be noted that,
both La2Zr2O7 and La2Ti2O7, the bulk modulus B obtained
with the calculated elastic matrix constants by the relati
ship B5(C1112C12)/3, is close to that deduced by th
Birch-Murnaghan equation of state. Finally, the first deriv
tives of the bulk modulus with respect to the volume,B8, are

FIG. 2. Energy ~mHartree! versus primitive-unit-cell-volume
(Å 3) curves for La2Zr2O7 using AIP and HF methods. Optimize
volumes of the AIP calculation have been shifted to HF optimiz
volumes and minimum energy has been shifted to zero
comparison.
6-3
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CHARTIER, MEIS, WEBER, AND CORRALES PHYSICAL REVIEW B65 134116
very close to the expected value of 4, generally found for
majority of similar compounds46 demonstrating the very sa
isfactory coherence characterizing the HF results.

The electronic charge of the ions in both pyrochlores w
calculated using the Mulliken-analysis approach as imp
mented in the electronic-structure codes. The results
listed in Table III for the ordered (0X) La2Zr2O7 and
La2Ti2O7. The total charge on the lanthanum ion is rough
12.9ueu in both pyrochlores, thus very close to the form
charge, while that on zirconium is between 3.23ueu and
3.25ueu, identical to that calculated for zirconia (ZrO2).49

The calculated titanium charge is12.90ueu, about 3% higher
compared to that calculated in rutile TiO2.50 As anticipated
from the differences in the local molecular environment, t
different net charges were obtained for the oxygens. T
O8b , lying in the center of a lanthanum-ion tetrahedra, c
ries a net charge of roughly21.90ueu, close to the formal
value of22.0ueu. Whereas, O48f , in the center of a tetrahe

TABLE II. Comparison between HF and AIP calculated data
pure La2Ti2O7. Symbols are defined in Table I. Experimental vo
ume is 278.5Å3 for layered perovskite La2Ti2O7 ~Ref. 44! and it is
equivalent toa510.366Å, considering a cubic cell.

La2Ti2O7 HF AIP

V(Å 3) 292.8 278.5
a(Å) 10.541 10.366
x 0.4272 0.4267
B ~GPa! 221 222
B8(GPa/Å3) 3.83
C11 ~GPa! 379 376
C12 ~GPa! 144 144

TABLE III. Mulliken charges~in terms ofueu) calculated using
the HF method. 0X, 1X, and 2X denote, respectively, no disorde
one La31-Zr41 inversion, and two La31-Zr41 inversions.

La2Zr2O7 Site A Site B Oxygen
O48f O8b

0X a La512.907 Zr513.250 21.733 21.916
0X b La512.905 Zr513.229 21.726 21.912

1X b La512.876 Zr513.196 21.663 21.841
La512.906 Zr513.274 21.725 21.846
Zr513.275 La512.876 21.841

2X b La512.874 Zr513.178 21.741 21.752
La512.893 Zr513.305 21.758 21.802
Zr513.302 La512.822 21.805
Zr513.321 La512.875

La2Ti2O7

0X a La512.898 Ti512.907 21.616 21.916

aCalculation done with fully optimized geometry using HF meth
~Table I!.

bSingle-point energies on the optimized geometry obtained u
AIP method.
13411
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dron made up of two La and two Zr cations, has a net cha
of 21.73ueu and 21.61ueu in La2Zr2O7 and La2Ti2O7, re-
spectively.

B. Analytic-interatomic-potential-based calculations

The AIP consists of the Coulomb interactions for the ion
interactions, the Buckingham potential for the packi
forces, and the modified shell model that captures sh
range charge-transfer and polarization effects. TheGULP fit-
ting procedure31 was used to optimize the parameters of t
AIP for both pyrochlores. The fitting for La2Zr2O7 was based
on the experimental values of the lattice parameter,
atomic positions, and the vibration entropy at 300 K. In a
dition, the HF-calculated bulk modulus and elastic mat
constants were used, even though they are usually over
mated by about 5–10 % within this approach.48,51 The pa-
rameters for La2Ti2O7 used the crystallographic data an
elastic properties obtained from the HF calculations. T
Mulliken charges determined by the electronic- structu
code were used in parametrizing the shell model for both
cations and the anions. For the latter, two different oxyg
sites, 48f and 8b, were modeled. This is in accord wit
previous studies that revealed the importance of distingu
ing the oxygens in the pyrochlore structure, resulting in
very successful representation.17,24 The total charge (shel
1core) on each ion was set equal to its formal charge p
mitting a direct substitution of titanium for zirconium, wher
the core charge was set equal to the partial charge obta
from the Mulliken charge analysis of the UHF-optimize
structure. The parameters determined in this work are sh
in Table IV. The parameters of the O-O Buckingham pote
tial were set equal to previously published values.52 In Tables
I and II, the optimized results for the AIP model are give
The results are quite satisfactory for all the observables
cluded in the fitting procedure. Indeed, the agreement
tween the HF and AIP model on the energy-versus-volu
variation for La2Zr2O7 in Fig. 2 shows the quality of the
force-field optimization using the HF-calculated elastic pro
erties. Also, the calculated entropy at 300 K
235.5 J mol21 K21 is very close to the experimental value27

of 239.9 J mol21 K21 used in the fitting procedure, while
the temperature dependence within the range 0–1000 K,
resented in Fig. 3, is in excellent agreement with experime

r

g

TABLE IV. Interatomic parameters for Buckingham potentia
fitted on experimental and HF-calculated physical values quote
Table I. Charges satisfyQcore1Qshell5Qf ormal and QO48f

core

521.65,QO8b
core521.90,QLa

core512.90,QZr
core513.20, and QTi

core

512.90ueu, see text.

Ions A(eV) r(Å) C(eV Å6) k(eVÅ22)

O-O 22764.3 0.14900 27.89 O8b : 261.8
O48f : 280.2

La-O 1183.8 0.36565 0.00 221.5
Zr-O 1872.5 0.34138 0.00 235.0
Ti-O 1256.2 0.34927 0.00 236.0
6-4
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THEORETICAL STUDY OF DISORDER IN Ti- . . . PHYSICAL REVIEW B 65 134116
The entropy, obtained from the phonon spectra, was ca
lated over a grid covering 10-K symmetry-unique poin
across the Brillouin zone.

Further validation of the current potentials is obtain
from the calculated thermal-expansion coefficienta as deter-
mined from the shell-model molecular-dynamics simu
tions. The value thus obtained, given in Table I, is equally
good agreement with the experiment.28 Finally, the calcu-
lated infrared lattice-vibrational frequencies as well as
Raman frequencies, presented in Table V, are well correl
with the experimental values.33

The current AIP model is quite satisfactory on the who
and the ionic interactions appear to be reproduced reliably
the corresponding short-range analytical potentials. Con
quently, it can be applied with confidence to study def
formation and migration energies in La2Zr2(12y)Ti2yO7.

IV. DEFECT FORMATION ENERGIES

A. Cation-antisite disorder in pure and Ti-substituted
La2Zr 2O7

Under continuous irradiation, a large number of cati
antisites can accumulate in a localized volume of the bulk
such a disordered configuration, the interactions among
defects of the neighboring lattice sites, a purely collect
phenomenon, strongly affect the cation-antisite formation
ergy and should differ from that of an isolated antisite def
in a perfect pyrochlore bulk. It is intriguing that the metho

FIG. 3. Entropy (J mol21 K21) versus temperature~kelvin! for
pure La2Zr2O7. Shown is the curve~solid line! calculated using the
AIP shell model and is compared to experimental data~circles!.

TABLE V. Comparison between experimental and AIP-~using
Buckingham-potential parameters quoted in Table IV! calculated
vibrational properties for pure La2Zr2O7. Infrared vibrational fre-
quencies have been assigned by their values.

La2Zr2O7 Infrared lattice-vibrational energies
(cm21) n1 n2 n3 n4 n5 n6 n7

Exp. ~Ref. 33! 518 412 352 244 / 208 176 140 101
AIP 453 391 349 238 / 186 158 119 99

Energies for Raman frequencies (cm21)
Exp. ~Ref. 33! 743 590 523 498 395 298
AIP 690 600 387 290
13411
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of calculation, that is, the MLA or the PBC, can yield th
behavior at two extreme points of irradiation. The MLA
generally used for the calculations of point defects embed
in an infinite ideal crystal, can give information on the an
site formation energies that are associated with isolated
order. Whereas, using supercells, containing at least
cation antisite per primitive unit cell, should be more app
priate for the estimation of the radiation-induced antisite f
mation energies related to the accumulation of defects
are associated with a longer-range interaction. Thus,
MLA can be used to characterize behavior in the orde
pyrochlore at the onset of irradiation, whereas, the PBC
be used to characterize the response under irradiation o
ordered pyrochlore at the end stage. In the case of accu
lating defects, the number of possible configurations to sim
late is extremely large, prohibiting an exhaustive compu
tional study. Thus, as a first approximation, the simpler w
to proceed is to consider a single cation-antisite defect
primitive unit lattice and apply PBC conditions for the e
ergy optimization. Certainly, such a homogeneous anti
distribution in the bulk is less physical than a statistical o
nonetheless there is an interesting and useful compar
with the corresponding MLA calculations. For these reaso
both MLA and PBC computational approaches were us
The defect energies were calculated using the class
scheme ofEde f ect5E ~relaxed bulk with defect!2E ~relaxed
perfect bulk! 1DE` , whereDE` is the energy correction
corresponding to the interaction among the various sub
tices at infinite distance. For the AIP used here,DE` van-
ishes because the analytical potentials are defined to be
at infinite distance. This is generally not the case in fir
principles calculations for charged vacancies, where
missing ion is assumed to be at an infinite distance from
crystal, requiring a delicate operation for the estimation
the DE` quantity. Therefore, sinceab initio isolated point-
defect calculations are very expensive within the MLA, on
AIP modeling was used. The first principles calculatio
were applied only to disordered configurations without v
cancies, in which casesDE`50. Whereas, three differen
computational methods, AIP, HF and DFT/LDA, were em
ployed for the periodic lattice system based on the primit
unit cell of La2Zr2O7 containing 22 atoms. In this way,
straightforward comparison can be made between
periodic-system AIP results and those obtained from
single-point-energy first-principles calculations, carried o
exactly on the same configurations of the AIP fully relax
periodic system.

The disorder was simulated by the crystallographic s
exchange of La and Zr ions, around the O48f oxygen. A
single La-Zr exchange is denoted by 1X while a double one,
corresponding to a higher degree of disorder, by 2X ~see
Table III!. The influence of titanium on the structure was al
studied by two different means. In the first, a titanium i
was substituted for zirconium close to an isolated cati
antisite defect within the Mott-Littleton approach. In the se
ond, supercells of La2Zr2(12y)Ti2yO7 were considered with
low titanium concentrations (y<0.5) to avoid any structura
transition to the perovskite phase. Again, a large numbe
possible configurations may result in the last case, but on
couple of typical situations were considered here. A sin
6-5
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TABLE VI. Cation-antisite-disorder energies~eV! for the compact configuration around the 48f site,
calculated using Mott-Littleton approach and periodic primitive cell with analytic-interatomic-poten
method~AIP!, ab initio Hartree-Fock witha posterioricorrection of correlation established by Perdew a
co-workers~Refs. 38 and 39! (UHF1PD91) and DFT LDA~DFT! ~Ref. 34! n~Ti! indicates the number o
Ti-atoms considered in Mott-Littleton calculations.

Disorder Ti-substituted La2Zr2O7 La2Zr2(12y)Ti2yO7

Mott-Littleton approach Periodic primitive cell
n~Ti! AIP y AIP UHF1PD91 DFT

0X 0 0.00 0.00 0.00 0.00 0.00
1X 0 1.95 0.00 1.45 2.49 1.96~1.38!
2X 0 3.37 0.00 2.79 6.88 5.28~2.60!

0X 1 0.00 0.25 0.00 0.00 0.00
1X 1 1.53 0.25 1.08 2.28 1.61
1X-1Ti 1 3.62 0.25 1.60 3.45 2.41
2X 1 3.00 0.25 1.59 3.41 2.42

0X 2 0.00 0.50 0.00 0.00 0.00
1X 2 1.72 0.50 0.70 1.88 1.40
1X-1Ti 2 4.08 0.50 1.23 2.85 2.00
2X 2 4.09 0.50 1.21 2.84 2.04
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substitution of Ti for Zr is denoted by 1Ti and a double o
by 2Ti. A single La-Ti crystallographic site exchange is d
noted by 1X-1Ti ~see Table VI!.

The Mott-Littleton calculated energy for 1X in pure (y
50) La2Zr2O7 is 1.95 eV, considerably lower than the va
ues of 4.4–4.8 eV determined by Minervini etal.53,13At this
point, it is worth noting that significant discrepancies res
from the AIP calculations of defect energies in similar cas
For example, Willifordet al17 calculated the 1X~Gd-Ti! an-
tisite formation energy in Gd2Ti2O7 pyrochlore to be 3.53
eV, also considerably lower, roughly by a factor of two, co
pared to the 5.6–6.0 eV published by Minervini a
co-workers,53,13while Catlow obtained the value of 1.5 eV.52

It is likely that the different force fields used for each of t
calculations are the origin of these discrepancies. Althoug
is just as likely that differences are due to the local asy
metric structure of the crystal, such as the distinct envir
ment of the 48f and 8b oxygen sites as well as that there a
two A-B cation nearest neighbor-distances that are not
counted for by those potentials. Also, there are distinct
ferences in using the MLA and PBC, as discussed above
further check the validity of the AIP results obtained he
single-point-energyab initio calculations with PBC on the
AIP-optimized periodic geometries were carried out us
the UHF1PD91 ~CRYSTAL98! and DFT/LDA plane-wave
~CASTEP! methods. The results, also given in Table VI, are
satisfactory agreement with the AIP calculations. Due to
high computational cost, it was out of the question to ca
out full constant-pressure relaxations within the HF and
DFT/LDA for all the antisite configurations quoted in Tab
VI. Nevertheless, for validating the consistency of the sing
point-energy calculations on the AIP-optimized geometrie
full relaxation study for the 1X and 2X configurations in
La2Zr2O7 was performed using the DFT/LDA~CASTEP! re-
sulting in the values of 1.38 eV and 2.60 eV, respectively~in
13411
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parenthesis Table VI!. These values are close to the AIP
calculated ones with PBC. Consequently, in purey
50)La2Zr2O7 a comparison of the MLA values with thos
of the PBC AIP shows that the cation-antisite inversion o
curs more easily in a disordered structure than in the orde
pyrochlore. This could be interpreted as different behav
under irradiation between an ordered pyrochlore and a di
dered state, where in the latter the disorder particularly
vors the cation exchange at a very low energy cost.

Following the values presented in Table VI, it appears t
the influence of titanium ions is contradictory between t
MLA and the PBC approach. In fact, for increasing titaniu
concentration, the cation-antisite formation energies, 1X-1Ti
and 2X, increase in the MLA approach, while they decrea
in the PBC approach no matter what method is used~AIP,
HF, or DFT/LDA!. This could mean that the effect of catio
disorder is far more preponderant than the titanium influen
It is very important to note that in all cases quoted in Ta
VI, the 1X-1Ti antisite energy corresponding to a La-Ti e
change is higher than the corresponding La-Zr exchange
;140% in the MLA case and by;50% in the PBC case
The strong inhomogeneous behavior among the cation
change possibly leads to a weak lattice stability of the
dered Ti-doped pyrochlore under irradiation. This effect
less pronounced in the Ti-doped disordered state, e
though in this case the lattice instability is large. Despite
lower absolute values obtained here for the cation-anti
formation energies as compared to those previousely p
lished, the relative energy difference between 1X ~La-Zr!
and 1X-1Ti ~La-Ti! has the same trend as that estimated
Minervini and co-workers53,13 That work shows an increas
of about 26% for the antisite energies from the pure e
member zirconate up to the pure end-member titanate.

A high degree of antisite accumulation leads to the tr
sition from the pyrochlore to the disordered-fluorite structu
6-6
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TABLE VII. Defect formation energies for oxygens~eV/defect! in different antisite-disorder configura
tions, using Kroger-Vink notation.

La2Zr2O7 Pure Ti substituted for Zr
defects 2X 1X 0X 0X-1Ti 0X-2Ti

O8a
22 ~shell model of O48f

22) 214.96 215.53 215.64 214.77 213.97
O8a

22 ~shell model of O8b
22) 214.96 215.55 215.64 214.77 213.97

VO48f

•• 16.80 15.86 18.70 17.86 17.09
VO48b

•• 16.75 15.75 19.54 19.41 19.72
O8a

22-VO48f

•• ~extended! 1.84 0.33 3.06 3.09 3.12
O8a

22-VO48b

•• ~extended! 1.79 0.22 3.90 4.64 5.75

O8a
22-VO48f

•• ~close! 21.64 20.15 20.05 0.20 0.13
O8a

22-VO48b

•• ~close! 22.87 20.20 1.28 0.17 0.20
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and the cation environment switches from scalenohedron54 to
octahedra. The Mulliken charge analysis on the single-po
energy calculations with the AIP-optimized geome
~quoted in Table III! reveals the La and Zr charges to suff
negligible variations by the antisite disorder (1X or 2X).
This is not the case for the oxygen charges that, as expe
are strongly affected by the antisite configurations conve
ing smoothly to a unique value:21.84ueu for 1X and
21.80ueu for 2X. This oxygen-charge homogenization wi
increasing cation disorder is an indication that the disorde
pyrochlore structure gets closer to a fluorite-like one. T
will be further correlated to the cation and anion Frenk
pair formation energy as well as to the activation energies
lattice migration in the following sections.

B. Cation and anion defects

The vacancy and interstitial formation energies for all t
cations and anions were calculated using the AIP within
MLA. The aim was to estimate the disorder and the titani
influence. The calculations were performed in pure La2Zr2O7
at 0X,1X, and 2X disorder, as well as in the neighbor of on
(0X-1Ti! or two (0X-2Ti! titanium ions substituted for zir
conium in the ordered pyrochlore.

The lattice stability when incorporating a supplementa
oxygen in the pyrochlore-vacant site 8a was examined first.
Using the charges and polarizabilities of either O48f

22 or O8b
22

for the oxygen O8a
22 leads to identical results as shown

Table VII. The negative values obtained demonstrate
strong tendency of the system to become overstoichiome
La2Zr2O71z , which is not significantly influenced by in
creasing disorder or titanium substitution. Furthermore,
sertion of a supplementary oxygen in the 32e site leads to the
occupancy of the 8a site after full relaxation. Again, there i
no change in this tendency with the degree of disorder
titanium concentration, nor does it depend on the oxyg
shell model used (O48f

22 or O8b
22). This behavior is in agree

ment with the experimental observations carried out
Ce2Zr2O7 ~Ref. 55! where oxygen insertion was observed
have a very strong preference for the 8a site rather than the
32e one.

Titanium produces a negligible effect on oxygen vacan
formation. Conversely, the disorder has a net influence
13411
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both VO48f

•• and VO8b

•• by diminishing the corresponding for

mation energies~Table VII!. The calculated close Frenke
pair, O8a

221VO48f

•• , formation energy is20.05 eV, in good

correlation with the zero value found experimentally
Gd2(GaSb)0.2Zr1.6O7.56 The close Frenkel-pair formation en
ergy decreases with increasing disorder~Table VII! entailing
a quasispontaneous occupancy of the 8a site. It is worth
noting that in most of the cation-antisite configurations stu
ied here, an O48f

22 moves into aVO8a
site after full relaxation.

The projected density of states~PDOS! obtained from the HF
calculations for 0X and 2X1(VO48f

•• 1O8a
22) configurations

are shown in Figs. 4 and 5, respectively. A detailed analy
shows that the increase in cation disorder (2X) with the
simulateneous occupancy of the oxygen 8a site leads to a
considerable decrease of the energy gap from 16.5 eV to
eV, which is close to the value of 13.1 eV calculated f
ZrO2 by a similarab initio method.51 The occupancy of the
8a site is principally responsible for the lowering of th

FIG. 4. Projected densities of states~PDOS! for ordered
La2Zr2O7.
6-7
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energy gap. This can be clearly seen in Fig. 6, which sho
the change in the energy gap given byDEg , determined
from the HF single-point-energy calculation at intermedi
coordinates as the oxygen in the 48f position displaces to the
vacancy at the 8a site for the ordered (0X) state. It is inter-
esting to note that the Mulliken charge decreases slig
along this displacement, demonstrating further the validity
the AIP used here when considering the occupation of thea
site. As the titanium concentration increases, the Frenkel-
formation energy of O8a

221VO48f

•• increases, thus introducin

an opposite effect than that caused by increasing the diso
The addition of the O8a

22-occupancy energy to the vacanc
formation energies ofVO48f

•• andVO8b

•• gives an estimation o

the extended Frenkel-pair energies as given in Table VII. T

FIG. 5. Projected densities of states~PDOS! for La2Zr2O7 with
2X1(VO48f

•• 1O8a
22).

FIG. 6. Plots of band gapDEg , and O48f Mulliken charge varia-
tion when displaced toward theVO8a

site in the primitive cell of
La2Zr2O7.
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value of 3.06 eV obtained for the O8a
221VO48f

•• Frenkel pair is

in agreement with that of previous work.23 This shows that
increasing disorder considerably decreases the energie
the Frenkel pairs while, in contrast, increasing the subst
tion of zirconium with titanium increases the correspondi
Frenkel-pair energies.

In Table VIII are given the calculated lanthanum, zirc
nium, and titanium isolated vacancies as well as the Fren
pair formation energies. In all the cases, in terms of ene
theVLa- are less expensive to create by about 50% compa
to VZr99 , the latter ones being roughly 10% less expens
thanVTi99 . The disorder increases the formation energy ofVLa-
and decreases that ofVZr99 . This influence appears clearly o
the corresponding Frenkel-pair formation energies, tend
to a homogenous value of about 10 eV. It is worth compar
this value to those obtained for the zirconium Frenkel pa
in tetragonal and cubic zirconia, which are 8.8 eV and 1
eV, respectively.57 For comparison, the titanium Frenkel-pa
formation energy in Ti-doped La2Zr2O7 is close to 15 eV,
hence 50% higher than that found for zirconia.

In summary, no significant points can be extracted rega
ing the influence of titanium on the cation vacancies and
Frenkel formation energies in the titanium-dop
La2Zr2(12y)Ti2yO7, at least for simulated concentration
lower than y<0.5. However, the close and extende
O8a

22-VO48f

•• Frenkel pairs cost more energy to create as the

concentration is increased. The Ti-vacancy and Frenkel-
energies are also clearly higher than those of Zr. Wherea
absence of Ti, the disorder effect appears to be domin
enough for tending to homogenize the cation-Frenkel form
tion energies and by strongly favoring the occupation of
8a site by both O48f and O8b .

V. ACTIVATION ENERGIES FOR LATTICE MIGRATION

The behavior of La2Zr2O7 under irradiation requires a
detailed understanding of the defect-migration mechanis
that lead to structural transitions. The formation energies
cation-antisite and Frenkel-pair configurations are comp
mented by calculations of the activation energies for the
gration of cations and anions to corresponding vacanc
which includes antisites of the cation sublattices and antis
of the distinct anion sublattices. The activation barriers

TABLE VIII. Defect-formation energies for cations~eV/defect!
in different antisite disorders, with and without titanium. The cati
interstitial site is the 32e site.

La2Zr2O7 Pure Ti substituted for Zr
defects 2X 1X 0X 0X-1Ti 0X-2Ti

VLa- 48.41 46.37 46.30 46.50 46.25
F-VLa- -Lai

31 8.99 7.93 7.28 7.50 7.31
VZr99 82.40 85.29 85.88 85.79
VTi99 92.21
F-VZr99-Zri

41 10.63 12.67 14.93 15.68
F-VTi99-Ti i

41 14.36 14.95
6-8
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determined as in transition-state theory by searching
saddle points, which is done by using the rational-functio
optimization method~RFO! or eigen-vector-following43 rou-
tine as implemented in theGULP code. In the latter approach
the ion is displaced towards an adjacent vacancy calcula
at each coordinate the eigenvalues of the Hessian~the energy
second-derivatives matrix!. The nth-order transition state
corresponds to a saddle point withn imaginary eigenvalues
of the Hessian. In this way, the activation energies were
culated for the first-order homoatomic and heteroatom
cation-lattice migration, as well as for those characteriz
the anion displacements. The results are shown in Table
and X.

The calculated activation energies~Table IX! characteriz-
ing the migrations O48f

22→VO48f

•• in the ordered (0X)

La2Zr2O7 vary from 0.92 eV to 1.13 eV, in good agreeme
with those published previously that range from 1.05 eV
1.10 eV.58 Two different experimental measurements of t
mean activation energy for the oxygen migration in this p
rochlore have been published, 0.49 eV~Ref. 59! and 0.74
eV.60 Those values are in the range determined for Gd2Zr2O7
where Catchen and Rearick54 measured an activation energ
of 0.25 eV for local hopping of the oxygen anion whi
Tsogaet al.61 determined a value of 0.8–0.9 eV for long
range migration. Taking into account the fact that the cal
lated activation energies for the transitions O48f

22→VO8b

•• and

O48f
22→VO8a

in La2Zr2O7 are 0.37 and 0.46 eV, respectivel

while those of O48f
22→VO48f

•• are in the range 0.92–1.13 eV

TABLE IX. Activation energies for oxygen-lattice migration~in
eV! to adjacent vacancies. The notation~1!, ~2!, and~3! represents
the migration paths of the oxygen ions in the 48f sites towards the
8a vacancy, see Fig. 1.

La2Zr2O7 Pure Ti substituted for Zr
defects 2X 1X 0X 0X-1Ti 0X-2Ti

O48f
22→ VO48f

•• ~1! 1.48 1.14 1.13 1.23 0.30
O48f

22→ VO48f

•• ~2! 0.85 0.45 1.01 0.49
O48f

22→ VO48f

•• ~3! 0.86 2.36 0.92 1.68 0.96
O48f

22→ VO8b

•• 1.04 0.34 0.37 0.29 0.23
O8b

22→ VO48f

•• 2.70 0.49 0.42 0.29 0.14
O8a

22→ VO48f

•• 1.12 1.51 1.98 1.15 0.33
O48f

22→ VO8a
1.11 0.93 0.46 0.44 0.31

TABLE X. Cation-activation energies for lattice migration~in
eV! to adjacent cation vacancies. The two first lines and the two
ones concern homoatomic and heteroatomic migrations, res
tively. Symbols are defined in Table III.

La2Zr2O7 Pure Ti substituted for Zr
defects 2X 1X 0X 0X-1Ti 0X-2Ti

La31→VLa- 2.78 2.36 2.62 2.78 3.42
Zr41→VZr99 6.11 3.32 3.87 2.65 1.84
La31→VZr99 5.79 3.48 2.71 4.05 5.92
Zr41→VLa- 9.26 7.94 6.96 8.60 9.98
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the values calculated in this work are consistent with exp
ments. Concerning the anions, the disorder renders the
vation energies roughly equal to 1 eV, which is generally
case in the fluorite structures and more specifically for zir
nia in which the activation energies for the oxygen migrati
are estimated to be in the range 0.8–0.9 eV.62–64

The activation energies for homoatomic and heteroato
cation migration~Table X! increase steadily with increasin
disorder. It is interesting to note that the mean value of all
possible transitions tends to about 6 eV, which is close to
estimated for zirconium in stabilized zirconia ZrO2.65,66

The presence of titanium ions have the net influence
considerably lowering the anion-activation energies,
agreement with previous observations.67 In contrast, the in-
clusion of titanium ions increases the activation energies
homoatomic La and heteroatomic La and Zr migratio
whereas, there is a decrease in activation energy for ho
atomic Zr migration with increasing Ti substitution.

VI. CONCLUSIONS

In this paper, the coupling of interatomic-potential mode
and ab initio calculations was used to obtain atomic-lev
details of the formation and activation energies of princip
defects in La2Zr2(12y)Ti2yO7 pyrochlore at low titanium
concentrations (0<y<0.5). The purpose was to extract th
relevant trends affecting the transition of the ordered py
chlore to a cation-disordered structure, which could be as
ciated with irradiation damage and the influence of titaniu
substitution on this.

In the ordered pyrochlore the cation-antisite formation e
ergies of 2 and 3.4 eV for 1X and 2X, respectively, are rathe
low. Under these conditions, it can be deduced that the
cumulation of antisite configurations yields an energetica
stable phase that could be similar to an irradiation-indu
state. Such a state could become even more stable with
creasing disorder since in a disordered structure the abso
values of cation-antisite formation energies are lowered
about 1.5 and 3 eV for 1X and 2X respectively. At the same
time, the propensity of the pyrochlore structure to fill th
vacant oxygen 8a site becomes even stronger and the dis
der favors the random occupancy of these sites. The
dency towards this behavior may have a direct physical c
sequence along the propagation path of an irradiating par
in a zirconate pyrochlore structure. A continuous mechan
of cation inversion accompanied by oxygen Frenkel-pair f
mation at the 8a site may easily dissipate a considerable
of the kinetic energy of the ballistic process by forming
disordered structure. As a result of structural modificati
physical properties associated with the ordered pyroch
will tend to homogeneous values that are comparable
those of the zirconia fluorite structure. In fact, in the diso
dered state the pyrochlore 48f and 8b oxygen sites vanish
where the oxygen charges tend to a unique value. Simu
neously, the activation energy for the anion migration, wh
characterizes the ionic conductivity, tends to 1 eV, which
comparable to that of 0.8–0.9 eV in zirconia. The me
cation-migration energy from a lattice site to a vacancy g
close to 6 eV and the Frenkel-pair formation energy tends

st
c-
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10 eV, also equivalent to those estimated in zirconia. Fina
the energy gap decreases from 16.5 eV to 11.3 eV appro
ing the value of 13.1 eV calculated previously for cub
zirconia.

An essential difference has been found for the catio
antisite formation energies between the ordered and the
ordered state. The ordered pyrochlore structure exhibits
important resistance towards any internal transformation t
weakens with the accumulation of cation antisites. This in
cates that the introduction of partial disorder, by whatev
means, facilitates the cation-antisite formation. A more d
tailed study that considers both the statistical distributions
cation-antisite configurations with random occupancies
the 8a site and the activation energies for the formation
cation antisites could further confirm this point.

The titanium influence has been investigated at low co
centrations. However, some interesting trends arise fr
these calculations. There is a significant difference betw
the Zr-La antisite formation energies and the Ti-La ones,
latter being considerably higher in both the ordered py
chlore and the disordered structure. Furthermore, titanium
unfavorable to the occupancy of the oxygen 8a vacant site
by increasing the corresponding close and extended Fre
formation energies. The coupling of these effects contrib
y
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in preventing the titanium-substituted pyrochlore struct
from transforming towards the disordered fluorite.
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